Infroduction
A sealed nickel-hydrogen cell is a hybrid electrochemical system combining electrode components of battery and fuel cell technologies. The nickel (positive) electrode was first developed for use in nickel-cadmium cells and the hydrogen (negative) electrode was originally used in hydrogen-oxygen fuel cells. Sealed nickel-hydrogen cells are de- signed to contain hydrogen gas under pressure within a cylindrical pressure cell as shown in Fig. 1 . Inside the pressure vessel, there are a number of cell units connected in parallel to the outer leads (positive and negative terminals) of the cells. A cell unit is composed of one nickel electrode, a separator, a hydrogen electrode, and a gas screen. The model developed in this work applies to one or more cell units contained within a constant volume. A schematic diagram of a unit cell is shown in Fig. 2 .
The positive electrode consists of a sintered porous nickel electrode which is electrochemically impregnated with nickel hydroxide active material. The negative electrode consists of a Teflon-bonded platinum black catalyst supported on a fine nickel mesh screen with a Teflon backing. The purpose of the Teflon backing is to prevent electrolyte loss through the back of the negative electrode while permitting free passage of hydrogen and oxygen gas. The gas screen placed behind the negative electrode consists of a mesh made of polypropylene fibers. The screen facilities transfer of hydrogen and oxygen gas from the head space of the cell pressure vessel to the back of the negative electrode. The pores of the cell components are wet with a concentrated potassium hydroxide solution. The pores are not flooded with electrolyte; part of the pore volume is occupied by a hydrogen and oxygen gas phase.
Thermal management is a critical factor in optimizing the performance of nickel-hydrogen batteries. At present, a great deal of effort is required to predict the rates of heat generation and removal for specific cell designs. Industrial models are frequently made by fitting semi-empirical equations to experimental observation collected from nickel- Positive Bus Bar Electrode Stack cess. A detailed cell model which includes electrolyte composition profiles and current contribution fractions with an energy balance could be used as a development tool by researchers and battery engineers, reducing the need for experimental testing in the preliminary design process. Kim et al.23 dealt specifically with modeling the thermal characteristics of nickel-hydrogen cells. The primary purpose of their work was to model heat rejection and to optimize battery performance by minimizing water loss from the cell stack. As a result, these models calculate temperature gradients, but do not include detailed kinetics and mass transport within the modeled system. The multiphase isothermal model for a nickel-hydrogen cell, previously published by De Vidts et al.,4 serves as the foundation for the work presented here. In the model, concentrated solution theory and the volume-averaging technique are used to characterize the transport phenomena of the electrolyte and gaseous species in a cell module. Proton diffusion through the active material on the nickel electrode is considered by including a pseudo-second-dimension in the nickel electrode with a simplified cylindrical geometry. Improvements to the theoretical model (as reported in this paper) include the addition of a general energy balance and temperature-dependent parameters. No temperature gra- Substrate dients within the cell are included; the cell is assumed to be isothermal at a particular instant in time as was done by Bernardi et al.5 Model
Assumptions.-The multiphase model of a nickel-hydrogen cell by De Vidts6 showed that hydrogen and oxygen concentrations in the liquid and gas phases of the cell are essentially invariant with respect to the spatial direction. As a result, the mass balances of gas-phase and dissolved oxygen and hydrogen used by De Vidts have been simplified here by removing the spatial dependence. Temperature gradients in all spatial directions are neglected, and volumetric proportions of gas and liquid within the nickel electrode and separator are assumed to remain constant with time. It is assumed that no electrolyte passes through the platinum electrode, due to the Teflon backing. Also, it is assumed here that no water vapor exists in the vapor phase.
Governing equations.-A detailed derivation of the equations used in the multiphase model of a nickel-hydrogen cell has been presented earlier;67 therefore, only the model equations that were changed or added as part of the thermal extension are presented in this paper. There are thirteen dependent variables. The dependent variables in the x direction are volume-averaged electrolyte concentration ((Ce>1), current density in the electrolyte (i), and potential (') in the electrolyte. The dependent variables in the y direction are proton concentration (CH+) and potential in the solid active material (4'). Figure 3 shows the system being modeled in the y direction, i.e., the pseudosecond dimension. The remaining variables (Ct, C, C,, c,, c2, c,, and T) are functions of time only. The equations describing gas phase and dissolved gas mass transport in the electrolyte have been simplified by eliminating the spatial dependence and by assuming that the ideal gas law adequately describes the gas-phase behavior. Due to the high electrochemical driving force and low solubility of the gases in the electrolyte, one of the reactions has been modeled as being mass-transfer limited with a constant diffusion layer thickness. This reaction is the reduction of oxygen on the platinum electrode.
Electrochemical reactions-Five electrochemical reactions are considered to occur within the cell unit. Three reactions occur within the porous nickel electrode: the main reaction, which involves the oxidation-reduction of nickel species within the active material, and two side reactions 
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Cell module-Within the cell module, the following mass-balance equations apply Material balance of dissolved hydrogen /.
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The above expression for the mass and heat capacity of nents of the cell. The heat capacities and densities of the the cell have neglected for simplicity the other compo-
Material balance of hydrogen in the gas phase inside the separator and nickel electrode in the equations above are calculated by considering the materials involved, including the porous volume occupied by gas and liquid phases.
As a first approximation, density and heat capacity are considered to be independent of temperature over typical cell stack
cell operating ranges.
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Material balance of oxygen in the gas phase inside the cell stack
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The electrolyte properties of gas solubility, thermodynamic activity, and diffusivity are given by the following Gas pressure in the cell module pores and the head space.-The gaseous components within the modeled cell are assumed to behave as ideal gases and are described using the ideal gas equation as shown in Eq. 27 and Eq. 28.
Pressure in the gas pores equations. Concerning the solubility of hydrogen and oxygen in the electrolyte, the Henry's law coefficient for dissolved hydrogen gas in potassium hydroxide is given as a function of concentration and temperature by the following empirical correlations obtained from Kimble'2 P'"' = (c2 + c2)RT [27] 1 -x = _______________________ Pressure in the head space XH2RT(2(C)' + 1.0 x 10)
[37] pexl = (c + c)RT [28] in which the mole fraction of hydrogen gas, XH2, is exThermal equations-The equations used to describe the pressed as thermal behavior of the nickel-hydrogen cell include an energy balance and supporting equations. The cell energy cell, the changes in internal energy due to the electro-10> 112911 chemical reactions, the pressure work, and the heat transSimilarly, Henry's law coefficient for oxygen is" fer to the outside of the pressure vessel. The derivation of the energy balance is presented in Appendix A 1 - Cell energy balance K02 = _______________________ x02RT(2(ç)' + tO X 10)
with the mole fraction of oxygen gas, x02, expressed as dt Results and Discussion
The model formulated in the previous section was used to simulate cell performance during charge, open-circuit, and discharge processes at isothermal, adiabatic, and intermediate rates of heat transfer. General physical properties of the modeled cell and the model parameters used in the simulations are given in Table I . Some electrochemical parameters could not be found in the literature; hence, some fitted values were used. A simple trial-and-error procedure was used in the fitting. By changing the parameters of the model, it is found that the model predictions are most sensitive to the following parameters: a35 a3k,ARk, and okref T0 For anodic and cathodic transfer numbers 0ak and a05, the values in the literature have been used. The activation energy, ARk, of each reaction was estimated. Since the charge and discharge voltage curves (except for the overcharge period) of the nickel-hydrogen cell show little sensitivity with respect to temperature, the activation energies of the main reactions, i.e., the nickel reaction and hydrogen reaction, will be small values. The activation energy and the reaction rate for oxygen evolution in the nickel electrode have great effects on the cell overcharge behavior, which can be calculated from the overcharge plateau in the experimental cell voltage curves at different temperatures. The reaction rates of other reactions were optimized by trial-and-error procedures.
The modeled cell (Fig. 1) consists of many cell modules ( Fig. 2 and 3) . The capacity of the modeled cell is the sum of that of the cell modules. The calculation of theoretical capacity of the cell is presented in Appendix B. The applied current on the cell was assumed to be evenly distributed among the cell modules. The charge and discharge rates used in the simulation are chosen based on the rated capacity of the cell.
fsothermal behavior at differing tern peretures -Under isothermal conditions, it is assumed that the cell remains at a uniform temperature unaffected by the heat generated inside the cell. Isothermal simulations were made by giving h, the heat transfer coefficient between the cell and its surroundings in the energy balance, a sufficiently high value to maintain a constant temperature in the cell. For these Fig. 4 . As temperature increases, the cell voltage during the charge period decreases, which is due to the faster reaction rates at the higher temperatures (less polarization is needed). A similar trend has been observed in published (nonisothermal) experimental data.12 The second voltage plateau during the charging process corresponds to cell overcharging. In the overcharge period, the main reactions in the cell are oxygen evolution in the nickel electrode and oxygen reduction at the platinum electrode. Since the oxygen evolution rate in the nickel electrode is slow, high polarization is needed to maintain the charge rate. At high temperature, the oxygen evolution rate will be fast enough to compete with the nickel main reaction, and the overcharge plateau becomes less pronounced. The cell discharge capacity is less at higher temperatures because the charging efficiency is low due to the competition of the oxygen reactions. Figure 5 shows the variation in cell pressure for the isothermal simulations. In all cases, during the overcharge The maximum pressure achieved during the isothermal charge process decreases with increasing temperature.
Adiabatic behavior at different charge-discharge conditions.-Under adiabatic conditions, there is no heat transfer between the cell and its surroundings (h, the heat transfer coefficient, has a value of zero), and the cell temperature will vary according to the internal heat generated. For clarity, separate charge and discharge processes were simulated. All processes were started from a cell temperature of 20°C and were terminated at a temperature of 80°C.
Simulations were run for cell charging rates of 3, 15, and 30 A. Al] adiabatic discharge simulations were started from identical initial conditions; specifically, the cells were isothermally charged at a 3 A rate for 16 h at 20°C prior to discharge. Simulations were run for cell discharging rates of 3, 15, and 30 A. Figure 6 shows the variation of the cell temperature with time for the three different charging rates. At the lowest charge rate, 3 A, the cell temperature slightly decreases, indicating that an endothermic reaction is dominating for part of the charging process. The primary reaction on the nickel electrode, the oxidation of Ni(II) to Ni(III) in the active material, is known to be endothermic. As this reaction slows, exothermic reactions and resistive heating rapidly increase the cell temperature. At higher charge rates, the resistive heating effects dominate, and the temperature continually increases within the cell. Figure 7 shows the corresponding variation in voltage with time. Under adiabatic conditions, the cell voltage quickly reaches its maximum value and maintains it before abruptly decreasing when the temperature rapidly increases. Adiabatic pressure effects are shown in Fig. 8 . In comparison to the isothermal simulations, the rate of change of the pressure with time increases as the overcharge reactions begin to take effect, instead of approaching a constant pressure value. Figures 9-11 show the temperature, voltage, and pressure variations during adiabatic discharge. From Fig. 9 , note that the temperature profiles are more linear than for the charging processes and that the cutoff temperature is reached in less than an hour for all three rates. The discharge voltage plateaus (Fig. 10 ) are approximately constant during the simulation. Under adiabatic discharge conditions, the cell pressure (Fig. 11) does not decrease in the linear fashion observed during isothermal discharge and, in fact, increases for the 3 A discharge rate. testing period. The most significant variation occurs at the beginning of the charge cycle. The initialization process of the model predicts a higher starting voltage than the experimental value. In addition, there is a small difference in the experimental and simulated discharge capacities. Figure 13 shows the average experimental and simulated temperature profiles. The simulation slightly underpredicts the temperature over the course of the test with the largest difference occurring during the discharge process. There is good qualitative agreement between the experimental data and simulated values. Figure 14 
Conclusions
A thermal extension of a nickel-hydrogen cell model is -7] presented in this paper. The model may be used to evaluate the cell performance under various operating and design Similar to Bernardi et al.,5 the second term on the right conditions for safety and preliminary design purposes. 1dU ' dv [A-8] and analyzed. The model predictions are shown to be in However the rated ca acity of the nickel-hydrogen cell is determined by experiient, and some safety margin is always given. The rated capacity of a nickel-hydrogen cell is
The heat flow in and out of the system, Q, may be calcualways lower than the theoretical value. The operation of lated using a heat-treatment coefficient the nickel-hydrogen cell is usually based on the rated cell capacity. For example, for a cell with a rated capacity of = hAvei(T Ta) [A-5] 30 , a C/iO charge means a 3 A charge and a C/2 dis-
The change in enthalpy with time maybe restated in terms charge means a 15 A discharge. of heat capacity as follows local current density due to reaction k taking place at the solid/liquid interface, A/cm2 reaction rate of reaction k at reference concentrations and temperature T expressed in the unit of currently density, A/cm2 1, ,, T exchange current density for reaction k at ref erence concentrations and temperature 7 A/cm2 k intercalation constant used in Eq. 9, dimensionless empirical expression used in the activity coefficient expression, dimensionless empirical expression used in the activity coefficient expression, dimensionless K,H, equilibrium constant for hydrogen, relating the concentration of hydrogen in the liquid and gas phases (Henry's law), dimensionless [B-3] K,02 equilibrium constant for oxygen, relating the concentration of oxygen in the liquid and gas phases (Henry's law), dimensionless rate constant for the molar flux of hydrogen between the liquid and gas phases in the pores of the cell components, cm/s kf00l rate constant for the molar flux of hydrogen between the liquid at the back of the hydrogen electrode and the gas phase right outside the back of the hydrogen electrode, cm/s rate constant for the molar flux of oxygen between the liquid and gas phases in the pores of the cell components, cm/s k'°' rate constant for the molar flux of oxygen between the liquid at the back of the hydrogen electrode and the gas phase right outside the back of the hydrogen electrode, cm/s rate constant for the molar flux of gas species between the internal and external as phases at the positive electrode, mol/atm cm s rate constant for the molar flux of gas species between the internal and external gas phases at the separator, mol/atm cm2 s rate constant for the molar flux of gas species between the internal and external gas phases at 
